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ABSTRACT 
We report the production of covalently bonded selenium double-helices within the narrow cavity 
inside double-wall carbon nanotubes. The double-helix structure, characterized by high-
resolution transmission electron microscopy and X-ray diffraction, is completely different from 
the bulk atomic arrangement and may be considered a new structural phase of Se. Supporting ab 
initio calculations indicate that the observed encapsulated Se double-helices are radially 
compressed and have formed from free Se atoms or short chains contained inside carbon 
nanotubes. The calculated electronic structure of Se double-helices is very different from the 
bulk system, indicating the possibility to develop a new branch of Se chemistry.  
(101 words/250 words) 
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A key objective of Chemistry is to rearrange the bonding configuration of atoms in order to 
arrive at substances with vastly different properties. Elemental Selenium, in its trigonal bulk 
structure depicted in Figure 1(a), is a semiconductor known for its photovoltaic properties and 
high photoconductivity.1 On the other hand, it is well established that a pressure-induced 
structural phase transition from the trigonal to a monoclinic phase with a puckered structure2,3 
changes Se from a semiconductor to a metal. The photoconductive properties of bulk Se, which 
are a consequence of its unique trigonal (P3121) bulk structure4,5 consisting of three-fold helical 
chains and shown in Figure 1(a), have been exploited in applications ranging from solar cells, 
light-switching devices and rectifiers to xerographic photoreceptors and photographic exposure 
meters.1 It is likely that other structural arrangements, which could be achieved under different 
steric constraints, may give rise to yet unexplored properties.   
The known properties of the trigonal bulk structure have inspired many experimental6-8 and 
theoretical9 studies of nanowires and nanotubes consisting of trigonal Se. The unusual behavior 
of Se includes its ability to change the valence configuration to form intriguing systems, such as 
Bi2Se3 nanoribbons that show topological insulator behavior,10-12 CdSe nanocrystals forming 
quantum dots,13 and cubane clusters.14 Since all these Se-based systems are nanometer-sized, we 
conclude that the ability to Se to change its valence electron configuration in nanostructures 
offers a rich potential to develop a new branch of Se chemistry in nanometer-sized cavities found 
inside nanotubes and related systems. 
In this paper, we report the production of covalently bonded selenium double-helices within the 
narrow cavity inside double-wall carbon nanotubes (DWCNTs). The Se double-helix structure 
inside a DWCNT (Se@DWCNT), which we characterize by high-resolution transmission 
electron microscopy (HR-TEM) and X-ray diffraction (XRD), is completely different from the 
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atomic arrangement in bulk Se and may be considered a new structural phase.  Supporting ab 
initio calculations indicate that the observed encapsulated Se double-helices are radially 
compressed and have formed from free Se atoms or short chains in the narrow cavity inside the 
carbon nanotubes. The calculated electronic structure of Se double-helices is very different from 
the bulk system, suggesting a very different behavior of these constrained nanostructures.  
Whereas Se in the bulk trigonal phase, depicted in Figure 1(a), contains covalently connected 
single-helices with a pitch length of 0.496 nm, the ≈1.9 nm pitch length of the Se@DWCNT 
double-helix structure, shown in the HR-TEM image in Figure 1(b), is much longer. Essential for 
the formation of this structure is the extremely narrow confining space inside a quasi-1D carbon 
nanotube (CNT) with a typical diameter ≈1 nm. The nanocavity inside CNTs, in particular 
DWCNTs with a small internal diameter, is known to preserve unusual metastable structural 
arrangements not found in free space. Capillary filling of this nanocavity with metals has been 
reported soon after the synthesis of single-wall carbon nanotubes in presence of a metal 
catalyst.15,16 Even though the atomic structure could not be resolved in the early studies, lattice 
fringes seen in HR-TEM images indicated crystallinity of enclosed Pb and Ni metals or their 
compounds.15,16 The “nanocapillary” force, which pulls in and stabilizes encapsulated atoms and 
molecules in the confining nanotube volume under ambient pressure, has the same effect as a 
high-pressure environment. Thus, encapsulation inside a nanotube may completely change the 
atomic structure of ionic crystals,17 metal nanowires,18,19 ordering of water molecules,20,21 and 
even convert hydrocarbons to diamond nanowires.22 Whereas iodine has been known to form 
helical chains inside CNTs,23,24 no such microscopic structural information has been provided in 
former reports25-29 of Se contained in the narrow space inside CNTs. 
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RESULTS AND DISCUSSION 
Se@DWCNT samples used in our studies were produced by exposing open-ended DWCNTs to 
sublimed elemental Se, as described in the Methods section. Representative HR-TEM images of 
an empty and a Se filled DWCNT are shown in Figures 2(a) and 2(b), respectively. Clearly 
visible in Figure 2(b) is the atomically resolved Se structure contained inside the inner CNT, 
characterized by a double-helix arrangement with a pitch length of ≈2nm. This structure is 
significantly different from the single-helix arrangement in bulk Se, shown in Figure 1(a), with 
the much smaller pitch length of 0.496 nm.  
To better understand the double-helix arrangement, we subjected the TEM image in Figure 
2(b) to a fast Fourier transformation (FFT), yielding the top panel of Figure 2(c). This figure was 
subsequently subjected to an inverse FFT treatment, yielding the lower panel of Figure 2(c). The 
image in the lower panel of Figure 2(c), representing the direct structure, shows a periodically 
repeating pattern of single and double lines inside the inner CNT, which we associate with Se 
chains. Figure 2(d) shows line intensity profiles within the image in the lower panel of Figure 
2(c) in the direction normal to the tube axis, indicated by the horizontal red arrow. Noticeable 
differences between the intensity profiles taken at positions (i)-(iv), indicated in Figure 2(c), 
provide a quantitative characterization of the double-helix structure as well as pitch length and 
helix diameter. 
During TEM observations, we occasionally noticed a structural transformation from a Se 
double-helix to a single-helix structure, as seen in Figure 3, apparently induced by the electron-
beam irradiation during the observation. Figure 3(a) shows a Se double helix inside the inner 
wall of a DWCNT at the initial stage of the TEM observation. Subsequently, the atomic 
arrangement within the Se double-helix changes in a manner, which can not be easily identified, 
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as seen in Figure 3(b). Next, the upper part of the Se structure transforms to a single helix, shown 
in Figure 3(c), with the observed helical pitch length of 0.45-0.50 nm, which is close to the bulk 
Se value,5 0.496 nm. Finally, the single helix detaches from the double helix structure and 
disappears from the observed area, as evidenced in Figure 3(d). We believe that the structural 
change was not affected by the proximity to the DWNT end, but was induced by enhancing the 
electron-beam exposure in a restricted region of the image. 
To confirm that the periodicity observed in the HR-TEM image is representative of the entire 
Se@DWCNT system, we used X-ray diffraction for a quantitative structural characterization. 
Figure 4(a) displays the XRD profiles of Se@DWCNTs measured at T=300-600 K and 
compares them to empty DWCNTs. The XRD profile of Se@DWCNTs (T=300 K) shows a 
broad Bragg peak at 2θ=2.45°, indicating a periodic structure with the period d≈1.87 nm, very 
close to our HR-TEM observations in Figure 1(b). This period is significantly larger than the 
0.438 nm separation between adjacent Se chains in bulk Se and the ≈0.2 nm separation between 
the Se strands in the double-helix structure in the HR-TEM image. Intriguingly, the axial pitch 
length daxis of Se double-helices decreases significantly from 1.87 nm at T=300 K to 1.76 nm at 
the higher temperature of T=450 K, as seen in Figure 4(b). This thermal shrinkage is more 
pronounced in Se double helices, but agrees with the trend of dc// along the c axis that has been 
reported for bulk Se and is shown near the bottom of Figure 4(b). Above T=450 K, this trend 
reverses for Se@DWCNTs and the axial pitch length daxis starts increasing again with increasing 
temperature. Most important, we can observe the Bragg peak corresponding to the period of the 
double-helices even at significantly higher temperatures than the melting point Tm.p.=490 K of 
bulk trigonal Se,1 confirming an unusually high thermal stability of the Se double-helix phase 
inside the DWCNT cavity.  
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To find out whether free-standing single and double helices of Se are stable, we performed 
extensive structure optimization calculations for these systems and present the optimum structure 
of a Se single-helix in Figure 5(a) and of a double-helix in Figure 5(b). For the sake of 
comparison, we superposed in these figures the optimum Se helix structure with that of a (5,5) 
carbon nanotube, which we will consider later on. Additional information about the structure and 
simulated TEM images of these helices is provided in Figures S1-S4 in the supporting 
information. We found good agreement between the calculated and observed structures not only 
for uniform single and double helices, but also double-helices connecting to a single-helix in 
Figure S5 and to a ladder structure in Figure S6 of the supporting information.  
The equilibrium structure of Se helices encapsulated inside a CNT is likely to differ from free-
standing Se helices. Precise atomistic calculations of the equilibrium structure and the interaction 
of encapsulated Se helices with the surrounding DWCNT are not practical, as they would require 
extremely large unit cells containing thousands of carbon atoms in the surrounding nanotube. We 
used a much more practical approach that addresses all essential parts of the system and provides 
an easy interpretation of the results. The basic assumption is that the atomic structure of the 
nanotube surrounding the Se helix plays only a secondary role and that the nanotube may be 
considered a rigid container with cylindrical symmetry. As discussed in more detail in Figure S7 
of the supporting information, we determined the interaction of a Se helix with the surrounding 
DWCNT by approximating the nanotube wall by a graphene monolayer that interacts with a Se 
chain. We found that the total energy of the system as a function of the Se-graphene separation 
can be approximated well by a smooth interaction potential. The potential has a shallow 
minimum at 0.32 nm, corresponding to a binding energy of 0.2 eV per Se atom, and is repulsive 
at small Se-C separations. We used this potential with cylindrical symmetry to estimate the effect 
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of the DWCNT on the equilibrium geometry and the vibrational spectrum of the enclosed 
selenium structure. Vibrational spectra of Se helices in nanotubes of different diameter, modeled 
by a constraining potential, are presented in Figures S8-S9 of the supporting information. We 
found that vibrations of confined helices resemble those of free Se helices in wide nanotubes 
with a diameter exceeding 0.84 nm, but change substantially inside narrower nanotubes. 
Considering the structure of a Se single-helix with radius RH=0.09 nm according to Figure 5(a), 
we should expect an optimum fit inside a nanotube with the diameter 2×(0.09+0.32) nm = 
0.82 nm. This, as a matter of fact, is the inner diameter of the DWCNTs used in our experimental 
study. The structure of Se inside wider nanotubes should be very similar to free-standing Se 
helices shown in Figure 5. In narrower nanotubes, the main effect of the surrounding wall is to 
compress the Se helices radially, thereby increasing the helical pitch, as illustrated in Figure S4 
of the supporting information. We found that as the diameter of the enclosing model nanotube 
was reduced from 1.0 nm to 0.6 nm, the pitch of the Se single-helix increased to 0.7 nm and the 
helix resembled a linear chain at an energy cost of 0.52 eV per Se atom. Since this deformation 
energy investment exceeds significantly the energy gain of 0.2 eV/Se atom due to the attractive 
Se-CNT interaction, we should not expect spontaneous encapsulation of Se helices in nanotubes 
with an inner diameter much below 0.8 nm. In absence of any other constraints, we should 
observe only small deformation of Se structures with respect to the free helical geometries. 
The Se double-helix structures reported in this study have a much smaller diameter than 
expected based on calculations. Since the radial compression of the double-helix inside DWNTs 
with an inner diameter of 0.8 nm requires more energy than the expected gain upon 
encapsulation, we conclude that the double helices have not been created outside the DWCNTs. 
A much more likely scenario involves encapsulation of Se atoms or short chains in the narrow 
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space inside DWCNTs, where they reconnect to a double-helix structure. The equilibrium shape 
of the Se double-helix is given by an energetic compromise between minimizing the Se-DWCNT 
repulsion and the radial compression energy of the double-helix. We found that such a radial 
compression causing a reduction of the double-helix radius to 0.1 nm increased the pitch length 
beyond 1.0 nm. At nonzero temperatures, where Se double-helices may uncoil at little energy 
cost, the pitch length estimated from calculations agrees with the observed value between 1-2 nm.  
To better understand the electronic properties of systems containing Se and carbon nanotubes, 
we calculated the electronic structure of a Se single- and double-helix, a narrow (5,5) carbon 
nanotube and a Se single-helix enclosed inside this nanotube. Our results for the band structure 
and electronic density of states (DOS) of these systems are shown in Figure 6. The electronic 
spectrum of a free-standing Se single-helix, shown in Figure 6(a), is dominated by van Hove 
singularities at the band edges and displays a fundamental band gap of 1.6 eV. Since the band 
gap is likely underestimated in DFT calculations, we expect the Se single-helix to be a 
semiconductor with an even larger band gap. The corresponding results for a free-standing Se 
double-helix with a much wider diameter, shown in Figure 6(b), are significantly different. For 
one, the fundamental band gap decreased significantly to 0.1 eV. The van Hove singularities do 
not dominate the DOS as in a single-helix, since Se atoms hybridize not only with the two 
neighbors along the same helical strand, but also with neighboring Se atoms in the second helical 
strand. Even a small hybridization with the surrounding nanotube will turn the Se@DWCNT 
system metallic. We find the calculated DOS in the valence band region of free-standing Se 
helices consistent with the observed X-ray photoelectron spectra (XPS) spectra presented in 
Figure S10 of the supporting information. The spectrum of a free-standing (5,5) nanotube in 
Figure 6(c) is shown mainly to better understand the new features in the spectrum introduced by 
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the encapsulation of a Se helix, as seen in Figure 6(d). We chose the narrow (5,5) nanotube as a 
computationally manageable model system that describes the essentials, but does not necessarily 
reproduce all features of the complex systems observed in the experiment. Since the diameter of 
the (5,5) nanotube is smaller than that of the nanotubes in our experiment, we considered a single 
and not a double-helix of Se inside this nanotube. The calculated DOS in Figure 6(d) resembles a 
superposition of the densities of states of the Se helix and the CNT, reflecting only a small Se-C 
hybridization, consistent with the predicted small Se-C bonding. The presence of a selenium-
derived van Hove singularity near the Fermi level suggests the possibility to strongly enhance 
conductivity of this system by doping. The small calculated C-Se interaction is responsible for 
nearly negligible C1s core-level shifts in the XPS spectra of pristine DWCNTs and 
Se@DWCNTs, shown in Figure S11 of the supporting information.  
To obtain a different view of the interaction between the Se helix and the surrounding carbon 
nanotube, we studied the charge redistribution in this system. Our results for the electron density 
difference Δn(r) between the Se@CNT system and a superposition of neutral atoms, shown in 
Figure 7, indicate a small electron transfer from Se to the C atoms of the surrounding nanotube. 
A very small net positive charge 0.17 e on the Se atoms, obtained from a Mulliken population 
analysis with a single-ζ basis and discussed in Figure S12 of the supplementary information, is 
consistent with the fact that C and Se share the identical Pauling electronegativity value of 2.55. 
The Δn(r) contour plot in Figure 7 shows no regions of strong electron accumulation, providing 
additional support for our conclusion that the electronic interaction between the selenium and the 
carbon system is very small.  
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CONCLUSIONS 
In conclusion, we report the production of a new crystalline phase of selenium within the narrow 
cavity inside DWCNTs by exposing open-ended nanotubes to Se vapor. The atomic arrangement, 
characterized by covalently bonded Se double-helices, is completely different from that in bulk 
Se. We characterized the structure by high-resolution transmission electron microscopy, X-ray 
diffraction, and core-level spectroscopy. Supporting ab initio calculations indicate that the 
observed encapsulated Se double helices are radially compressed and have formed from free Se 
atoms or short chains in the narrow cavity inside the carbon nanotubes. The calculated electronic 
structure of Se double helices differs significantly from that of bulk Se, indicating unusual 
conductance behavior and the possibility to develop a new branch of Se chemistry. 
 
EXPERIMENTAL METHODS 
We used highly crystalline DWCNTs, purchased from TORAY Industries, Inc., with inner tube 
diameter of ≈0.8 nm. In order to remove the terminating end-caps and insert Se into the 
nanocavity, the DWCNTs were first oxidized at 723 K under dry air (100 ml min-1) for 1 h. The 
oxidized DWCNTs and Se pellets (99.99%, Wako Pure Chemical Industries, Ltd.) were sealed in 
a forked glass tube in vacuo (<1 Pa) and subsequently kept at 973 K for 48 h. The as-prepared 
sample was then washed with carbon disulfide under ultrasonication for 5 min, and then the 
DWCNT-dispersed in carbon disulfide solution was filtered for extracting the DWCNT sample. 
This process was repeated three times. The filtered sample was then heated at 423 K under 
vacuum (<1 Pa) to remove excess Se attached to the outside of the DWCNTs. DWCNTs 
containing encapsulated Se (Se@DWCNTs) were then characterized by a double Cs-corrected 
(CEOS GmbH) HR-TEM (JEM-2100F, JEOL) operated at 80 kV. The samples were further 
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characterized by X-ray diffraction (XRD) with λ=0.08003 nm at the synchrotron source SPring-8 
and X-ray photoelectron spectroscopy (XPS) using a monochromatised AlKα X-ray source under 
10-6 Pa (AXIS-ULTRA DLD, Shimazu).   
 
THEORETICAL METHODS 
Our calculations of the equilibrium structure, stability and electronic properties of Se chains 
inside CNTs have been performed using ab initio DFT as implemented in the SIESTA code.30 
We used the Ceperley-Alder31 exchange-correlation functional as parameterized by Perdew and 
Zunger,32 norm-conserving Troullier-Martins pseudopotentials,33 and a double-ζ basis including 
polarization orbitals. We used periodic boundary conditions to represent arrays of aligned, but 
well separated CNTs containing Se or arrays of separated Se chains on graphene. The Brillouin 
zone of the isolated 1D chain and nanotube structures was sampled by 10 k-points and that of 
chains interacting with a graphene monolayer by a fine 10×10 k-point grid.34 We used a mesh 
cutoff energy of 100 Ry to determine the self-consistent charge density, which provided us with 
a precision in total energy of <1 meV/atom. 
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FIGURES 
 
 
 
 
Figure 1. (a) Crystallographic structure of trigonal Se (P3121) consisting of four Se chains in a 
unit cell (left) and the constituent single Se chain (right) with a pitch length of 0.496 nm.5 (b) 
HR-TEM image of Se@DWCNT, revealing the Se double-helix structure with a pitch length of 
~2 nm. 
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Figure 2. HR-TEM images of (a) an empty DWCNT and (b) Se@DWCNT. Scale bar, 1 nm. 
The Fast Fourier Transform (FFT) of image (b) is presented in the upper panel of (c). The lower 
panel of (c) contains the inverse FFT of the upper panel. (d) Line intensity profiles of the image 
in the lower panel of (c), shown along the direction of the red horizontal arrow at positions (i)-
(iv). Red vertical arrows in (d) highlight the positions, where single or double lines associated 
with Se presence occur in the lower panel of (c). 
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Figure 3. (a)-(d) Time series of HR-TEM images revealing the transformation of Se from a 
double-helix to a single-helix structure, induced by the 80 kV electron beam irradiation during 
observation. (a) Se double-helix contained inside a DWCNT; (b) transitional Se chain structure; 
(c) occurrence of a Se single-helix (red rectangle); (d) disappearance of the single-helix from the 
region of interest (red rectangle). Scale bar, 1 nm. 
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Figure 4. (a) XRD profiles of empty-DWCNTs and Se@DWCNTs measured at T=300-600 K. 
(b) Temperature dependence of the spatial period daxis in the axial direction of Se double-helices 
in comparison to the analogous period  dc//  along the c axis of bulk Se.1 
 17
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Optimized structure of a free-standing (a) single-helix and (b) double-helix structure of 
selenium. The faded structure of the (5,5) carbon nanotube is presented as a background for easy 
size comparison. The schematic connections between the Se atoms, depicting the helical 
structure, are shown as guides to the eye.  
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Figure 6. Electronic structure of a free-standing (a) single-helix and (b) double-helix of Se, (c) 
an isolated (5,5) carbon nanotube, and (d) a Se single-helix enclosed inside a (5,5) carbon 
nanotube. The left panels display the band structure and the right panels the density of states. 
Note the reduction of the fundamental band gap from 1.59 eV in the single-helix to 0.1 eV in the 
double-helix structure. 
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Figure 7. Electron density difference Δn(r) for a Se single-helix structure enclosed in a (5,5) 
carbon nanotube, superposed with the atomic structure. Δn(r) is defined as the difference 
between the total electron density of the system and the superposition of atomic charge densities 
and is given in el/Å3 units.  
 20
ASSOCIATED CONTENT 
Supporting Information. Details of structure optimization and simulated TEM images for 
uniform and nonuniform helical Se structures, vibration spectra and Mulliken charge population 
of Se structures in nanotubes, XPS spectra of the valence and C1s core level region of the 
Se@DWCNT system. This material is available free of charge via the Internet at 
http://pubs.acs.org. 
AUTHOR INFORMATION 
Corresponding Author 
*tomanek@pa.msu.edu 
Author Contributions 
All authors have contributed to this work and have approved the final version of the manuscript. 
ACKNOWLEDGMENT 
T.F., M.E., and K.K acknowledge support by Exotic Nanocarbons, Japan Regional Innovation 
Strategy Program by the Excellence, JST. The synchrotron radiation experiments were 
performed at the BL02B2 of SPring-8 with the approval of the Japan Synchrotron Radiation 
Research Institute (JASRI) (Proposal No. 2012B1064). K.K. and T.H. were supported by Grant-
in-Aid for Scientific Research (A) (No. 24241038) and (C) (No. 22510112) of the Japan Society 
for the Promotion of Science, respectively. RBS’s visit to MSU was funded by the Sociedade 
Brasileira de Física and Conselho Nacional de Desenvolvimento Científico e Tecnológico 
(CNPq). This work was partially supported by the National Science Foundation Cooperative 
Agreement #EEC-0832785, titled “NSEC: Center for High-rate Nanomanufacturing”. 
 21
Computational resources have been provided by the Michigan State University High 
Performance Computing Center. T.F. thanks Dr. K. Urita for fruitful discussion. 
 
REFERENCES 
1. Stuke J., Optical and Electrical Properties of Selenium. In Selenium; Zingaro, R. A.; Cooper, 
W. C., Eds.; Van Nostrand Reinhold Company: New York, 1974; pp 174-297. 
2. Hejny, C.; McMahon, M. I. Complex Crystal Structures of Te-II and Se-III at High Pressure. 
Phys. Rev. B 2004, 70, 184109. 
3. Gregoryanz E.; Struzhkin, V. V.; Hemley, R. J.; Eremets, M. I.; Mao, H.-K.; Timofeev, Y. A. 
Superconductivity in the Chalcogens up to Multimegabar Pressures. Phys. Rev. B 2002, 65, 
064504. 
4. Smorodina, T. P. X-ray Investigation of the Tellurium-Selenium System. Sov. Phys. Solid 
State 1960, 2, 807-809. 
5. Ohmasa, Y.; Yamamoto, I.; Yao, M.; Endo, H. Structure and Electronic Properties of Te-Se 
Mixtures under High Pressure. J. Phys. Soc. Jpn. 1995, 64, 4766-4789. 
6. Liu, P.; Ma, Y.; Cai, W.; Wang, Z.; Wang, J.; Qi, L.; Chen, D. Photoconductivity of Single-
Crystalline Selenium Nanotubes. Nanotechnology 2007, 18, 205704. 
7. Zhang, X. Y.; Xu, L. H.; Dai, J. Y.; Cai, Y.; Wang, N. Synthesis and Characterization of 
Single Crystalline Selenium Nanowire Arrays. Mater. Res. Bull. 2006, 41, 1729-1734. 
 22
8.  Li, X.; Li, Y.; Li, S.; Zhou, W.; Chu, H.; Chen, W.; Li, I. L.; Tang, Z. Single Crystalline 
Trigonal Selenium Nanotubes and Nanowires Synthesized by Sonochemical Process. Cryst. 
Growth Des. 2005, 5, 911-916.  
9.  Kahaly, M.; Ghosh, P.; Narasimhan, S.; Waghmare, U. Size Dependence of Structural, 
Electronic, Elastic, and Optical Properties of Selenium Nanowires: A First-principles Study. J. 
Chem. Phys. 2008, 128, 044718. 
10. Koski, K. J.; Cha, J. J.; Reed, B. W.; Wessells, C. D.; Kong, D.; Chi, Y. High-Density 
Chemical Intercalation of Zero-Valent Copper into Bi2Se3 Nanoribbons. J. Am. Chem. Soc. 2012, 
134, 7584-7587.  
11.  Peng, H.; Lai, K.; Kong, D.; Meister, S.; Chen, Y.; Zi, X.-L.; Zhang, S.-C.; Shen, Z.-X.; 
Cui, Y. Aharonov-Bohm Interference in Topological Insulator Nanoribbons. Naure Mater. 2010, 
9, 225-229. 
12. Zhang, H.; Liu, C.-X.; Zi, X.-L.; Dai, X.; Fang, Z.; Zahng, S.-C. Topological Insulators in 
Bi2Se3, Bi2Te3 and Sb2Te3 with a Single Dirac Cone on the Surface. Nature Phys. 2009, 5, 438-
442.  
13. Ghosh, Y.; Mangum, B. D.; Casson, J. L.; Williams, D. J.; Htoon, H.; Hollingsworth, J. A. 
New Insights into the Complexities of Shell Growth and the Strong Influence of Particle Volume 
in Nonblinking “Giant” Core/Shell Nanocrystal Quantum Dots. J. Am. Chem. Soc. 2012, 134, 
9634-9643. 
 23
14. Zheng, B.; Chen, X.-D.; Zheng, S.-L.; Holm, R. H. Selenium as a Structural Surrogate of 
Sulfur: Template-Assisted Assembly of Five Types of Tungsten-Iron-Sulfur/Selenium Clusters 
and the Structural Fate of Chalcogenide Reactants. J. Am. Chem. Soc. 2012, 134, 6479-6490. 
15. Ajayan, P. M.; Iijima, S. Capillarity-Induced Filling of Carbon Nanotubes. Nature 1993, 
361, 333-334. 
16. Tsang, S. C.; Chen, Y. K.; Harris, P. J. F.; Green, M. L. H. A Simple Chemical Method of 
Opening and Filling Carbon Nanotubes. Nature 1994, 372, 159-162. 
17. Sloan, J.; Kirkland, A. I.; Hutchison, J. L.; Green, M. L. H. Integral Atomic Layer 
Architectures of 1D Crystals Inserted into Single Walled Carbon Nanotubes. Chem. Commun. 
2002, 1319-1332. 
18. Kitaura, R.; Imazu, N.; Kobayashi, K.; Shinohora, H. Fabrication of Metal Nanowires in 
Carbon Nanotubes via Versatile Nano-Template Reaction. Nano Lett. 2008, 8, 693-699. 
19. Kitaura, R.; Nakanishi, R.; Saito, T.; Yoshikawa, H.; Awaga, K.; Shinohara, H. High-Yield 
Synthesis of Ultrathin Metal Nanowires in Carbon Nanotubes. Angew. Chem. Int. Ed. 2009, 48, 
8298-8302. 
20. Koga, K.; Gao, G. T.; Tanaka, H.; Zeng, X. C. Formation of Ordered Ice Nanotubes inside 
Carbon Nanotubes. Nature 2001, 412, 802-805. 
21. Maniwa, Y.; Kataura, H.; Abe, M.; Udaka, A.; Suzuki, S.; Achiba, Y.; Kira, H.; Matsuda, 
K.; Kadowaki, H.; Okabe, Y. Ordered Water Inside Carbon Nanotubes: Formation of Pentagonal 
to Octagonal Ice-Nanotubes. Chem. Phys. Lett. 2005, 401, 534-538. 
 24
22. Zhang, J.; Zhu, Z.; Feng, Y.; Ishiwata, H.; Miyata, Y.; Kitaura, R.; Dahl, J. E. P.; Carlson, 
R. M. K.; Fokina, N. A.; Schreiner, P. R.; et al. Evidence of Diamond Nanowires Formed Inside 
Carbon Nanotubes from Diamantane Dicarboxylic Acid. Angew. Chem. Int. Ed. 2013, 52, 3717. 
23. Grigorian, L.; Williams, K. A.; Fang, S.; Sumanasekera, G. U.; Loper, A. L.; Dickey, E. C.; 
Pennycook, S. J.; Eklund, P. C. Reversible Intercalation of Charged Iodine Chains into Carbon 
Nanotube Ropes. Phys. Rev. Lett. 1998, 80, 5560-5563. 
24. Guan, L.; Suenaga, K.; Shi Z.; Gu, Z.; Iijima, S. Polymorphic Structures of Iodine and 
Their Phase Transition in Confined Nanospace. Nano Lett. 2007, 7, 1532-1535. 
25. Chernysheva, M. V.; Kiseleva, E. A.; Verbitskii, N. I.; Eliseev, A. A.; Lukashin, A. V.; 
Tretyakov, Y. D.; Savilov, S. V.; Kiselev, N. A.; Zhigalina, O. M.; Kumskov, A. S. et al. The 
Electronic Properties of SWNTs Intercalated by Electron Acceptors. Physica E 2008, 40, 2283-
2288. 
26. Chancolon, J.; Archaimbault, F.; Pineau, A.; Bonnamy, S. Filling of Carbon Nanotubes 
with Selenium by Vapor Phase Process. J. Nanosci. Nanotechnol. 2006, 6, 82-86. 
27. Chancolon, J.; Archaimbault, F.; Bonnamy, S.; Traverse, A.; Olivi L.; Vlaic, G. 
Confinement of Selenium inside Carbon Nanotubes. Structural Characterization by X-Ray 
Diffraction and X-Ray Absorption Spectroscopy. J. Non-Cryst. Solids 2006, 352, 99-108. 
28. Chancolon, J.; Archaimbault, F.; Pineau, A.; Bonnamy, S. Confinement of Selenium into 
Carbon Nanotubes. Fullerenes, Nanotubes, Carbon Nanost. 2005, 13, 189-194. 
29. Sendova, M.; Datas, L.; Flahaut, E. Micro-Raman Scattering of Selenium-Filled Double-
Walled Carbon Nanotubes: Temperature Study. J. Appl. Phys. 2009, 105, 094312. 
 25
30. Artacho, E.; Anglada, E.; Dieguez, O.; Gale, J. D.; Garcia, A.; Junquera, J.; Martin, R. M.; 
Ordejon, P.; Pruneda, J. M.; Sanchez-Portal, D. et al. The SIESTA Method; Developments and 
Applicability. J. Phys.: Condens. Matter. 2008, 20, 064208. 
31. Ceperley, D. M.; Alder, B. J. Ground State of the Electron Gas by a Stochastic Method. 
Phys. Rev. Lett. 1980, 45, 566-569. 
32. Perdew, J. P.; Zunger, A. Self-Interaction Correction to Density-Functional 
Approximations for Many-Electron Systems. Phys. Rev. B 1981, 23, 5048-5079. 
33. Troullier, N.; Martins, J. L. Efficient Pseudopotentials for Plane-Wave Calculations. Phys. 
Rev. B 1991, 43, 1993-2006. 
34. Monkhorst, H. J.; Pack, J. D. Special Points for Brillouin-Zone Integrations. Phys. Rev. B 
1976, 13, 5188-5192.  
 
TOC graphic 
 
